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Abstract—This study presents a nonreciprocal-beam phased-
array antenna constituted of phase-gradient path radiators
integrated with transistor-based nonreciprocal phase shifters.
Such an antenna exhibits different beams for transmission and
reception states. The proposed phased-array antenna provides
power amplification for both transmission and reception states,
which is of paramount importance in most practical applications.
In addition, in contrast to recently proposed time-modulated an-
tennas, the proposed nonreciprocal-beam phased-array antenna
introduces no undesired time harmonics and unwanted frequency
conversion, requires no radio frequency bias signal, and hence,
is suitable for practical applications. Furthermore, it can be
easily integrated into the planar circuit board technology. The
transmission and reception beam angles, the beam shapes, and
the power amplification level may be easily tuned by adjusting
the DC bias of the transistors and phase of the passive phase
shifters. Such a phased-array antenna is expected to find original
military and commercial applications.
Index Terms—Phased-array antennas, nonreciprocity,
transceiver, phase shifter, transistor.
I. INTRODUCTION
Phased-arrays antennas are key elements of military radar
systems, where planes and missiles are detected by steering
a beam of radio waves across the sky [1]–[3]. Such versatile
antennas are now widely used and have spread to modern wire-
less telecommunication applications. In addition to microwave
and millimeter wave applications, the phased-array principle
is applied to acoustics, including medical ultrasound imaging
scanners, military sonar systems, and reflection seismology
for gas and oil prospecting [3]. Conventional phased-array
antennas are restricted by the Lorentz reciprocity theorem,
where the antenna is forced to introduce identical characteris-
tics, e.g., identical beams, gains and input matchings, for the
transmission and reception states.
Recently, nonreciprocal electromagnetic and electronic sys-
tems have gained a surge of scientific interest thanks to their
unique and strong capability in the engineering and control
over the electromagnetic waves. Some of the recently proposed
nonreciprocal structures include nonreciprocal antennas [4]–
[13], nonreciprocal metasurfaces [14]–[24]. Nonreciprocity
can be realized by magnetic ferrite-based structures [25]–[29],
space-time modulated media [15], [17], [24], [30]–[43], and
transistor-loaded metamaterials [14], [16], [44]. However, the
transistor-loaded metasurfaces may present various advantages
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over the other nonreciprocal nonreciprocity technologies [16],
i.e. less design complexity, power amplification, lack of unde-
sired harmonics, tunability and high efficiency.
A nonreciprocal phased-array antenna is recently proposed
in [12] by taking advantages of the asymmetric frequency-
phase transition in time-modulated patch radiators. The pro-
posed nonreciprocity mechanism in [12] is very unique and
interesting, especially due to the current scientific research
interest on new properties and capabilities of time modulation.
However, the proposed phased-array antenna may not be suit-
able for many practical applications due to the following draw-
backs. Firstly, the antenna in [12] introduces undesired side-
band time harmonics, which interfere with adjacent channels
and lead to a crowded spectrum with significant interference
between adjacent channels. Secondly, the proposed nonre-
ciprocity in the phased-array antenna in [12] is essentially
accompanied with a frequency conversion which may not
be required, as the forced frequency conversion possesses a
small frequency conversion ratio and hence is not useful for
practical applications. Thirdly, the nonreciprocity based on
time modulation requires a radio frequency bias signal (in
addition to a DC bias), which represents fabrication and usage
complexity.
Here, we propose a nonreciprocal-beam phased-array an-
tenna by leveraging unique properties of phase-gradient
transistor-loaded nonreciprocal phase shifters. The proposed
antenna introduces different beams for the transmission and re-
ception states and may find intriguing military and commercial
applications. In contrast to the previously reported nonrecip-
rocal/reciprocal phased-array antennas, here the antenna pro-
vides power amplification for both transmission and reception
states, which is highly desired in most practical applications.
Furthermore, in contrast to time-modulated antennas, the pro-
posed nonreciprocal-beam antenna in this study introduces no
undesired time harmonics and unwanted frequency conversion,
and therefore, is suitable for many practical scenarios. In addi-
tion, the proposed nonreciprocal-beam antenna is compatible
with the planar circuit board technology. The transmission and
reception beam angles as well as the power amplification can
be easily tuned by adjusting the DC bias of the transistors and
phase of the passive phase shifters.
The paper is structured as follows. Section II presents
the operation principle and analytical results of the proposed
nonreciprocal-beam phased-array antennas. Then, Sec. III pro-
vides the details of the implementation mechanism and simula-
tion and experimental results for the proposed transistor-based
nonreciprocal-beam phased-array antenna. Finally, Sec. IV
concludes the paper.
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Fig. 1: Functionality of nonreciprocal radiation pattern phased-array antenna.
II. THEORY
Figure 1 shows the operation principle of the nonreciprocal-
beam phased-array antenna. In the transmission state, the
signal is launched from the input port of the antenna and
radiates at the angle θT. In contrast, in the reception state, the
phased-array antenna presents the maximum reception gain for
the incoming wave at the angle of reception θR. Therefore, at
a given radiation angle θ0, the phased-array antenna presents
different radiation patterns for the transmission and reception
states, i.e.,
ETX(θ) 6= ERX(θ), (1)
where ETX(θ) and ERX(θ) are the electric fields of the
transmitted and received waves, respectively. As a result of
this nonreciprocal-beam operation of the antenna, an incoming
wave from θT will not be received rather is being reflected,
and the transmitted wave at θR is supposed to be negligible.
We shall stress that, as a result of this nonreciprocity, antenna
may be designed in a way to acquire different radiation
beam shapes, different radiation gains and different half-power
beamwidths (in addition to different radiation angles) for the
transmission and reception. In the next section, we provide
further details on the approach for the design of such versatile
antenna system.
To realize the nonreciprocal phased-array antenna in Fig. 1,
we consider the nonreciprocal phase-gradient phased-array
antenna in Figs. 2(a) and 2(b). The phased-array antenna
is constituted of an array of nonreciprocal-beam microstrip
patch antenna elements. The unit cells are distributed with
the distance d, to present an arbitrary nonreciprocal radiation
pattern for transmit and receive signals. For the sake of
simplicity, here we assume that the antenna is uniform (no
phase and amplitude difference) along the y direction. Thus,
the proposed antenna is supposed to introduce a nonreciprocal-
beam in the x − z plane as shown in Fig. 1. As a result,
a two-dimensional beam scanning in the x − z plane may
be achieved by changing the characteristics of the antenna
elements. However, the proposed technique in this study may
(a)
(b)
Fig. 2: Practical realization of the nonreciprocal radiation
pattern phased-array antenna in Fig. 1 using an array of phase-
gradient nonreciprocal phase shifters. (a) Reception state.
(b) Transmission state.
be extended to a three-dimensional problem, and achieve a
three-dimensional nonreciprocal-beam scanning in the both
x− y and x− z planes.
Figure 2(a) presents the operation of the nonreciprocal-
beam phased-array antenna in the reception state, where the
received wave experiences the reception phase shifts of φk,R.
Figure 2(b) shows the operation of the phased-array antenna in
the transmission state, where the transmitted wave is radiated
under the transmission angle θR. In contrast to the reception
state in Fig. 2(a), here the radiated wave experiences the
transmission phase shifts of φk,T.
The array factor of the phased-array antenna may be written
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as
AF = I0+I1ejβd cos(θ)+I2ejβ2d cos(θ)+.... =
K−1∑
k=0
Ike
jβkd cos(θ),
(2)
where d is the distance between two adjacent elements, β is the
wavenumber of the radiated wave, and Ik is the complex cur-
rent of the kth radiator element. By employing nonreciprocal
phase shifters for each element, i.e., Ik,TX 6= Ik,RX. In general
by assuming a linear phase progression across the antenna, we
have
Ik,TX = Ak,TXe
−jkαTX , (3a)
and
Ik,RX = Ak,RXe
jkαRX . (3b)
Here, Ak,TX and Ak,RX are the amplitudes of the kth radiator
element in the transmission and reception states, respectively,
and αTX = φk,T − φk−1,T and αRXφk,R − φk−1,R are the
phase difference between two adjacent radiator elements in
the transmission and reception states, respectively.
The array factor of the antenna reads
AFTX =
K−1∑
k=0
Ak,TXe
jk(βd cos(θ)−αTX), (4a)
for the transmission state, and
AFRX =
K−1∑
k=0
Ak,RXe
jk(βd cos(θ)+αRX). (4b)
for the reception state.
Figure 3(a) plots the analytical results using Eqs. (4a)
and (4b) for a symmetric nonreciprocal-beam operation of
the phased-array antenna. Here, we consider four radiator
elements, i.e., K = 4, each of which introducing a nonre-
ciprocal phase shift for the incoming and transmitted waves.
In Fig. 3(a), an upward phase progression is considered for
the reception state with 110◦ phase difference between each
two adjacent elements, i.e., αRX = φk,R − φk−1,R = 110◦.
However, a downward phase progression is considered for the
reception state with −110◦ phase difference between each two
adjacent elements, i.e., αTX = φk,T − φk−1,T = −110◦. As a
result, the maximum gain of the transmission radiation beam
occurs at θT = 52.33◦ with the radiation gain of 11.9 dB. In
contrast, the maximum gain of the reception radiation beam
occurs at θR = 127.7◦ with the radiation gain of 11.9 dB.
For some application, an asymmetric nonreciprocal-beam
may be desired, where different beam shapes are achieved for
the transmission and reception states. Figure 3(b) plots the
analytical results for asymmetric nonreciprocal-beam of the
phased-array antenna. Here, we consider K = 4, αRXφk,R −
φk−1,R = 130◦ and αTX = φk,T − φk−1,T = −60◦. The
maximum gain of the transmission radiation beam occurs at
θT = 70.52
◦ with the radiation gain of 11.9 dB. In contrast,
the maximum gain of the reception radiation beam occurs at
θR = 136.24
◦ with the radiation gain of 11.8 dB.
(a)
(b)
Fig. 3: Analytical results for nonreciprocal transmission and
reception beams of phased-array antenna with K = 4. (a)
Symmetric beams for αRX = φk,R−φk−1,R = 110◦ and αTX =
φk,T − φk−1,T = −110◦. (b) Asymmetric beams for αRX =
φk,R − φk−1,R = 130◦ and αTX = φk,T − φk−1,T = −60◦.
Fig. 4: Schematic representation of the transistor-based non-
reciprocal phase shifter constituted of two unidirectional
transistor-based amplifiers, two distributed microstrip power
splitter and two passive reciprocal lumped element phase
shifters.
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Fig. 5: Photo of the fabricated transistor-based nonreciprocal
phase shifters for (top) calibration and (bottom) parametric
study purposes. The fabricated prototypes are formed by
Gali2+ unidirectional transistor-based amplifiers (from Mini-
Circuits), two distributed microstrip Wilkinson power splitter
and two passive reciprocal lumped element phase shifters.
III. PRACTICAL IMPLEMENTATION
This section presents the experimental implementa-
tion of the proposed transistor-based nonreciprocal-beam
phased-array antenna at microwave frequencies. To achieve
nonreciprocal-beam radiator elements, we integrate microstrip
patch antennas with unidirectional-transistor-based nonrecip-
rocal phase shifters.
Figure 4 shows a schematic representation of the transistor-
based nonreciprocal phase shifter. Such a nonreciprocal phase
shifter is constituted of two unidirectional transistor-based
amplifiers, two distributed microstrip power splitter and two
passive reciprocal lumped element phase shifters. Two power
splitters ensure full-duplex operation of the transmission and
reception states, and the two unidirectional transistors ensure
sufficient isolation between the transmission and reception
states (i.e., S12 ≈ 0) and provide power amplification in
their forward operation (i.e., S21 >> 1). In addition, the two
(reciprocal) lumped element passive phase shifters provide the
desired phase shifts for the transmission and reception states.
Figure 5 shows an image of the two fabricated nonreciprocal
phase shifters. Two Gali-2 transistor amplifiers from Mini-
Circuits are integrated into a microstrip structure. The two
unidirectional amplifiers are placed in an unbalance scheme
using two Wilkinson power splitters. The structure on the top
of Fig. 5 is fabricated for calibration purposes, where a zero
phase shift for both transmission and reception channels are
considered to see the effect of transistor amplifiers and their
Fig. 6: Scattering parameters of the fabricated nonreciprocal
phase shifter in Fig. 5.
S21 phase shift on the overal structure response. The nonre-
ciprocal phase shifter on the bottom of Fig. 5 is fabricated for
achieving a desired nonreciprocal phase shift.
Figure 6 plots the scattering parameters of the fabricated
transistor-based nonreciprocal phase shifters in the bottom of
Fig. 5. It may be seen from this figure that the nonreciprocal
phase shifter introduces more than 7 dB amplification gain
(S12 and S21) in each direction at 2.4 GHz.
Figure 7 depicts a perspective of the designed nonreciprocal-
beam phased-array antenna. The designed prototype is com-
posed of an array of 4 × 2 microstrip patch elements and
four nonreciprocal phase shifters. The antenna is designed,
based on the implementation scenario in Fig. 2, at frequency
f = 2.4 GHz using eight microstrip patches distributed with
the distance of d = λ/2.
Figure 8 shows an image of the fabricated nonreciprocal-
beam phased-array antenna. Here, an upward phase pro-
gression is considered for the reception state with 110◦
phase difference between each two adjacent elements, i.e.,
αRX = φk,R − φk−1,R = 110◦, and a downward phase
progression is considered for the reception state with −110◦
phase difference between each two adjacent elements, i.e.,
αTX = φk,T − φk−1,T = −110◦.
Figure 9(a) plots the full-wave simulation and experimental
results of the fabricated prototype for the transmission state.
The maximum gain of the transmission radiation beam occurs
at θT = 52.33◦ with the radiation gain of 17 dB.
Figure 9(b) plots the full-wave simulation and experimental
results of the fabricated prototype for the reception state.
In contrast to the transmission state in Fig. 9(a), here the
maximum gain of the reception radiation beam occurs at
θR = 127.7
◦ with the radiation gain of 17 dB.
Figure 9(b) and 9(b) show that more than 15 dB isolation
between the transmission and reception beams, at θT = 52.33◦
and θR = 127.7◦, is achieved. Furthermore, it may be seen
from Figs. 9(a) and 9(b) that more than 5 dB power gain is
achieved compared to the conventional reciprocal phased-array
antenna. Such a significant power amplification is due to the
amplifications of the transistor amplifiers in both transmission
and reception states.
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Fig. 7: Schematic representation of the fabricated nonreciprocal-beam phased-array antenna composed of four nonreciprocal
phase shifters and a 4× 2 antenna array.
IV. CONCLUSIONS
We have presented a nonreciprocal-beam phased-array an-
tenna by taking advantages of unique properties of transistor-
based nonreciprocal phase shifters. The proposed antenna
exhibits different beams for transmission and reception states.
Different from the previously reported phased-array antennas,
the proposed phased-array antenna in this study provides
power amplification for both transmission and reception states,
which is desired in practical applications. The experimental
results show that more than 15 dB isolation between the
transmission and reception beams is achieved, and more than
5 dB power gain is achieved compared to the conventional
reciprocal phased-array antenna due to the power amplifi-
cation by unidirectional transistors. In addition, in contrast
to recently proposed time-modulated antennas, the proposed
nonreciprocal-beam phased-array antenna introduces no un-
desired time harmonics and unwanted frequency conversion,
and hence, is suitable for practical applications. The proposed
nonreciprocal-beam antenna is compatible with the integrated
circuit technology. Furthermore, the transmission and recep-
tion beam angles as well as the power amplification may be
tuned through the DC bias of the transistors and phase shifts of
the passive phase shifters. The proposed phased-array antenna
is highly efficient and is expected to find various military and
commercial applications. Furthermore, the efficiency of the
proposed antenna, e.g., the frequency bandwidth and size, may
be improved by using previously reported antenna and power
splitter engineering techniques [?], [45]–[49].
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